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Abstract
Heterochrony, the change in timing of develop-
mental processes, is thought to be a key process 
shaping the numerous limb morphologies of tet-
rapods. Through a delayed offset in digit devel-
opment, all cetaceans (i.e., whales, dolphins, and 
porpoises) have evolved supernumary phalan-
ges (hyperphalangy). Moreover, some toothed 
cetaceans further alter digital morphologies by 
delayed endochondral and perichondral ossifica-
tion of individual elements. In the harbor porpoise 
(Phocoena phocoena), these paedomorphic pat-
terns have created poorly ossified phalangeal ele-
ments. However, no studies have addressed this 
morphology in other porpoise taxa. This study 
documents the timing of carpal and digital epi-
physeal ossification in the poorly studied vaquita 
(Phocoena sinus) based on radiographs (n = 18) 
of known-age specimens. Patterns of vaquita 
manus ossification were compared between other 
porpoise and delphinid taxa. Adult vaquitas are 
paedomorphic in carpal, metacarpal, and digital 
development as they maintain a juvenile ossifica-
tion pattern relative to that of other porpoise spe-
cies of equivalent ages. Vaquitas also ossify fewer 
carpal elements as compared to other porpoise and 
some delphinid cetaceans, and ossification arrests 
relative to that of the harbor porpoise. Vaquitas 
also display sexual dimorphism as females reach 
a greater body size and display more ossified ele-
ments in the manus relative to their paedomorphic 
male cohorts. 
Key Words: Phocoenidae, paedomorphosis, 
heterochrony, forelimb, sexual dimorphism, 
endochondral ossification, Phocoena, vaquita
Introduction
Changes in the timing of events during skeletal 
development have been a major source of mor-
phological variation in the tetrapod body plan 
(e.g., Richardson, 1995; Richardson et al., 1997; 
Schlosser, 2001; Smith, 2003; Gomez et al., 2008). 
Moreover, one of the best studied systems of evo-
lutionary and developmental biology is the tetra-
pod limb. Heterochrony, or a change in the timing 
of developmental processes (Smith, 2003), during 
early limb development and chondrogenesis of 
tetrapods has led to a wealth of morphological 
variation: for instance, the precocial development 
of forelimbs of marsupials (Smith, 2003; Bininda-
Emonds et al., 2007), the regenerative abilities of 
amphibian limbs (Galis et al., 2003), the precocial 
hindlimb development of frogs (Schlosser, 2001; 
Bininda-Emonds et al., 2007), the elongated digits 
of bats (Sears et al., 2006), and the supernumary 
phalanges in the digits of dolphins (Richardson 
& Oelschläger, 2002). This study investigates the 
role of heterochrony in shaping the limb of the 
porpoise.
Cetaceans (i.e., whales, dolphins, and porpoises) 
evolved from terrestrial artiodactyls (Gingerich 
et al., 2001; Thewissen et al., 2001, 2007; Geisler 
& Uhen, 2003) and their forelimb has shifted from 
an organ of terrestrial locomotion to a flipper that 
generates lift and aids in steering and braking. 
Compared to their terrestrial ancestors, cetacean 
forelimbs display unique morphological features 
that are associated with heterochronic shifts in 
forelimb development (Figure 1). Delayed carpal 
ossification in some cetaceans results in poorly 
ossified and sometimes completely cartilaginous 
elements in adult taxa. In addition, this delayed 
carpal ossification may create a block of cartilage 
that restricts movement and results in a stiff carpus 
(Figure 1c) (Howell, 1930). Changes in the timing 
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of ossification throughout development may gen-
erate adult limbs that resemble those of juveniles, 
called paedomorphosis. Paedomorphic patterns of 
endochondral ossification within the carpus are 
most pronounced in baleen whales (Flower, 1885), 
and the adult killer whale (Orcinus orca) (Figure 
1c). 
Another unique morphological feature in the 
manus of cetaceans is hyperphalangy (Figure 1) 
(Howell, 1930; Sedmera et al., 1997; Richardson 
& Oelschläger, 2002; Fedak & Hall, 2004). Recent 
descriptive embryological studies of the pantropi-
cal spotted dolphin (Stenella attenuata) found that 
hyperphalangy was generated due to the terminal 
addition of phalanges well into the fetal stages, 
indicative of a delayed offset (heterochrony) or 
developmental continuation of digital develop-
ment (Richardson & Oelschläger, 2002). 
Porpoises (phocoenids) evolved a flipper that 
functions as a hydrofoil. Porpoises are the small-
est cetaceans, and some have reported swimming 
speeds of approximately 1.5 m/s. Their broad flip-
pers generate lift and drag, facilitating surfacing 
maneuvers (Smith et al., 1976). The harbor por-
poise (Phocoena phocoena) flippers contribute to 
18% of the total hydrodynamic drag, but they are 
only 4% of the body area (Woodward et al., 2006). 
Empirical data on wild harbor porpoises have 
shown that the flippers are positioned into lift-gen-
erating orientations (symmetrical dorsal rotation 
of the leading edge of the flippers) just prior to 
surfacing, but during swimming maneuvers, the 
flippers are usually positioned against the body 
(Smith et al., 1976), thus reducing drag. Although 
data suggest that porpoise flippers function as a 
standard cetacean flipper, their anatomical struc-
ture and development are unique.
In addition to the changes in digital development 
associated with hyperphalangy, harbor porpoises 
also display heterochronic shifts in metacarpal and 
phalangeal ossification relative to small-bodied 
delphinid cetaceans (Figure 1a & b). For instance, 
harbor porpoises delay perichondral ossification of 
phalangeal diaphyses, resulting in shape changes 
in proximal diaphyses that progress develop-
mentally from ovoid, to deltoid (triangular), and 
finally to rectangular. Furthermore, a number of 
distal elements retain the paedomorphic condition 
of ovoid and/or deltoid shaped elements (Dawson, 
2003). In addition to altered perichondral ossifica-
tion, porpoises ossify fewer numbers of epiphyses 
compared to some delphinid cetaceans (Figure 1). 
The striped dolphin (Stenella coeruleoalba) ossi-
fies the epiphyses of metacarpals I through IV as 
well as  all proximal and mid-digit phalangeal epi-
physes (Calzada & Aguilar, 1996; DiGiancamillo 
et al., 1998). Unlike the striped dolphin, harbor 
porpoises fail to ossify the distal epiphysis of 
metacarpal I, and a greater number of phalangeal 
epiphyses lack ossification (Galatius et al., 2006). 
Most phocoenids are also sexually dimorphic 
in their soft tissue and skeletal development 
Figure 1. Adult forelimb morphologies of several odontocete cetaceans: (a) harbor porpoise (USNM 550312), (b) pantropi-
cal spotted dolphin (USNM 500837), and (c) killer whale (S-946; modified from Cooper et al., 2007b). The radius (r), ulna 
(ul), scaphoid (s), lunate (l), cuneiform (c), trapezoid (t), and unciform (u) are labelled. Roman numerals indicate digit 
number. The gray indicates ossified elements, while the white indicates cartilaginous elements. Scale bar is 5 cm.
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(McLellan et al., 2002; Galatius et al., 2006). 
Female harbor porpoises grow more relative to 
males, achieving larger body sizes. Male harbor 
porpoises retain a juvenile limb proportion—
their limb skeletal development arrests around 6 
y. Male harbor porpoises, therefore, reach sexual 
maturity sooner than females, but their skeletal 
morphologies are more paedomorphic (Galatius 
et al., 2006). 
Vaquita (Phocoena sinus)
The vaquita (Phocoena sinus), the world’s small-
est cetacean, is endemic to the northern region 
of the Gulf of California (Sea of Cortez) and is 
currently listed as critically endangered with a 
population of approximately 150 individuals. It 
is threatened by accidental deaths in fishing gear 
(Brownell, 1983; Jaramillo-Legorreta et al., 2007; 
Morell, 2008). The population is inbred and has 
suffered a bottleneck—numbers have been low 
throughout their history (Taylor & Rojas-Bracho, 
1999; Rojas-Bracho et al., 2006). 
Anatomy of the vaquita flipper has been doc-
umented in several studies (Figure 2) (Noble & 
Fraser, 1971; Magatagan et al., 1984; Ortega-
Ortiz, 1993, 2000; Torre-Cosio, 1995; Villa-
Ramírez et al., 1996). Possibly as a result of the 
population’s genetic homogeneity, a small extra 
digit (with up to four phalanges) is expressed as 
a fixed trait in the population (Ortega-Ortiz, 1993, 
2000; Villa-Ramírez et al., 1996). This additional 
digit is enveloped in dense connective tissue and 
probably does not affect digit function; however, 
no functional studies have addressed its potential 
hydrodynamic effects. The vaquita is also excep-
tional in that it is the only porpoise to display only 
three ossified carpal elements as an adult. 
Paedomorphosis has been documented in the 
adult vaquita skull relative to other phocoenids 
in that cranial elements are thin, display a greater 
number of foramina, lack ossification of some 
elements (i.e., squamosal), and sutures are poorly 
ankylosed (Barnes, 1985; Torre-Cosio, 1995). 
However, no studies have addressed paedomor-
phosis in vaquita appendicular components, nor 
has it been studied across a broad range of pho-
coenids (Dawson, 2003; Gol’din, 2004; Galatius 
et al., 2006). 
Herein, we investigate patterns of manus ossi-
fication in the vaquita to determine if the vaquita 
displays carpal, metacarpal, and/or phalangeal 
morphologies consistent with paedomorphosis 
compared to other phocoenid and small-bodied 
delphinid taxa.
Materials and Methods
Nomenclature
We used the standard Nomina Anatomica 
Veterinaria (International Committee on Veterinary 
Gross Anatomical Nomenclature, 2005) for fore-
limb terminology. For orientation, the leading 
edge of the flipper is referred to as cranial and 
the trailing edge as caudal and the two main sur-
faces of the flipper are termed dorsal or palmar. 
The term digit is used when referring to only the 
phalanges that make up a finger, while the term 
manus is used when referring to the carpals, meta-
carpals, and phalanges (Figure 1). In a cranial-to-
caudal direction, the proximal row of carpal ele-
ments are named the scaphoid (s), lunate (l), and 
cuneiform (c) (Figures 1 & 2). The two elements 
of the distal row are called the trapezoid (t) and 
unciform (u) (Flower, 1885). The trapezium is lost 
in extant cetaceans by its fusion with metacarpal 
I, although metacarpal I frequently assumes the 
shape of a carpal element in odontocetes (Flower, 
1885). 
Samples
Disarticulated and unlabeled carpals, metacarpals, 
and phalanges are frequently preserved in museum 
osteological collections. Due to a lack of distin-
guishing characteristics and their similarity in 
size, it is nearly impossible to reliably distinguish 
between metacarpal and phalangeal elements, 
sequential elements of the same digit, or elements 
of different digits in disarticulated osteological 
specimens. Radiographs of cadaverous cetacean 
flippers offer a precise means of accurately count-
ing the number of bony elements in the carpus and 
digits in situ. Osteological specimens were used 
only with articulated flippers.
Numbers of ossified carpal, metacarpal, and 
phalangeal elements and presence of ossified 
Figure 2. Adult forelimb morphology of a 13-mo female 
vaquita (ITESM 910313-1): (a) radiograph and (b) tracing; 
and a 9-mo-old male (ITESM 900421): (c) radiograph and 
(d) tracing. The radius (r), ulna (ul), scaphoid (s), lunate (l), 
and cuneiform (c) are labelled. Roman numerals indicate 
digit number; and the scale bar is 5 cm.
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epiphyses were recorded for each specimen. A 
sample of phocoenid flipper radiographs and 
osteological specimens (n = 30) from the collec-
tions of the San Diego Natural History Museum 
(SDNHM), Smithsonian Institution (USNM), and 
Instituto Tecnológico y de Estudios Superiores de 
Monterey, Guaymas, Mexico (ITESM), and osteo-
logical specimens from the R. Natalie P. Goodall 
Foundation at the Museo Acatushún, Tierra del 
Fuego, Argentina (RNP) marine mammal col-
lections were photographed (see Appendix for 
complete specimen list). The samples included 
radiographs of the vaquita (n = 18), Burmeister’s 
porpoise (P. spinipinnis, n = 1), harbor porpoise 
(n = 1), and Dall’s porpoise (n = 1). The osteo-
logical samples include Burmeister’s porpoise (n 
= 3), the harbor porpoise (n = 3 as one specimen 
was also radiographed), the spectacled porpoise 
(P. dioptrica, n = 2), and the finless porpoise 
(Neophocaena phocaenoides, n = 2).
Age Determination
Estimates of the age of most vaquita specimens 
were based on the numbers of growth layer groups 
(GLGs) within the decalcified, sectioned, and 
stained teeth based on known histological meth-
ods (Hohn et al., 1996). Each GLG is approxi-
mately equivalent to one calendar year of growth 
(Rosel et al., 2003). 
Observations of Epiphyseal Ossification and 
Ankylosis 
Patterns of metacarpal and phalangeal ossifica-
tion and ankylosis were recorded for each flipper. 
Each diaphysis was assigned a stage of ossifica-
tion and ankylosis following the staging criteria 
used in harbor porpoises (Galatius et al., 2006): 
Stage 0 unossified epiphysis; Stage 1, epiphysis 
ossified but not ankylosed to the diaphysis; Stage 
2, epiphysis initially ankylosed; Stage 3, progress-
ing ankylosis; and Stage 4, complete ankylosis 
(Galatius et al., 2006).
Results
Carpus
The typical vaquita carpus displays three large 
cartilaginous anlage and sometimes a fourth, tiny 
anlagen in the proximal row and no anlage in 
the distal row (Figure 3b & e). These three large 
anlage are the site of ossification for three carpal 
elements—(1) scaphoid, (2) lunate, and (3) cune-
iform—and the fourth tiny anlagen usually fails 
to ossify the pisiform (Figures 2 & 3e). The three 
ossified carpal are ovoid shape into adulthood, 
and their borders are unarticulated (Figures 2 & 
3e). Only two specimens (ITESM 850313-04-24, 
134.5 cm total length; ITESM 900421, 142.2 cm 
total length) displayed an additional carpal ele-
ment, the unciform, in distal row in only the left 
manus (Figures 2c & d). 
Metacarpals and Phalanges
Vaquita specimens ossified five metacarpals and 
displayed a maximum phalangeal formula of 1-9-
8-4-2. In adult taxa, metacarpals I, II, and IV were 
rectangular in shape (Figures 2 & 3e), metacar-
pal III usually displayed a distocaudal projection 
indicating the presence of a supernumary digit 
(a characteristic of this taxon), and metacarpal V 
was triangular. Phalangeal diaphyses were either 
rectangular or ovoid. Digit I had only a single tri-
angle shaped phalanx, and digit II had the most 
phalanges. Depending on sex, either the first two 
or three phalanges of this digit were rectangular 
in shape, while the distal phalanges were ovoid 
(Figure 2). Digit III had the same pattern, but with 
Figure 3. Ossification sequences in the carpus of three 
species of porpoises based on the (a-c) juvenile and 
(d-f) adult carpus morphologies—Harbor porpoise: 
(a) GM 96-01 (Dawson, 2003) and (d) USNM 550312; 
vaquita: (b) IBUNAM 26556 (Ortega-Ortiz et al., 2000) 
and (e) USNM 910313-1; and Burmeister’s porpoise: 
(c) USNM 550241 and (f) USNM 395751. Scaphoid (s), 
lunate (l), cuneiform (c), trapezoid (t), and unciform (u) are 
labelled. Carpal elements are shaded black; other forelimb 
elements are shaded gray. Roman numerals indicate meta-
carpal number. Not to scale.
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fewer phalanges. In some specimens, the first pha-
lanx of digit IV was roughly rectangular, but distal 
phalanges were ovoid.
Patterns of metacarpal and phalangeal epiphy-
seal fusion between the sexes were highly dis-
parate (Figures 2 & 4). In males, although some 
variation was documented, a general trend in 
ossification led to the ossification of the epiphy-
ses of metacarpals I and II (Figure 4a through d). 
In all specimens at age 9, the proximal epiphysis 
of metacarpal I was completely ankylosed, while 
the distal epiphysis was partially ankylosed. By 
age 16, both the proximal and distal epiphyses of 
metacarpal I were fully ankylosed. Only the prox-
imal epiphysis of metacarpal II was ankylosed at 
approximately 13 y of age (Figure 4b through d).
Ossification of the phalangeal epiphyses of 
males also displayed individual variation, but it 
was limited to the first phalanx of digit II (Figure 
4a through d). Ankylosis of the proximal epiphysis 
was complete by age 16, and the distal epiphysis 
was only partially fused. In this limited sample 
of known-age male flippers (n = 5), none showed 
epiphyseal ossification of other phalanges (Figure 
4a through d).
Radiographs of known-age females taken from 
specimens aged at 11 to 16 y, showed greater 
numbers of ossified epiphyses and increased 
levels of ankylosis as compared to males of 
equivalent ages (Figure 4e through h). Females 
ossified and ankylosed the proximal epiphyses 
of metacarpals II through IV. No ossification was 
seen in the epiphyses of metacarpals I or V. At age 
11, the proximal epiphysis of metacarpal II was 
fully ankylosed, while the distal epiphysis is only 
partially ankylosed. By age 13, both epiphyses of 
metacarpal II were fully ossified. Only the proxi-
mal epiphysis of metacarpal III ossified in females 
in this sample, although its degree of ankylosis to 
the diaphysis varied. This epiphysis was mostly 
ankylosed by 11 y of age (Figure 4e), and it was 
fully ankylosed by 13 y (Figure 4f). Unlike male 
vaquitas, the females fused their proximal epiphy-
sis with the diaphysis of metacarpal IV (Figure 4g 
& h).
Phalangeal epiphyseal ossification of the female 
vaquitas spanned the proximal elements of digits 
II and III, and no phalanges displayed ossified 
epiphyses in digits I, IV, or V (Figure 4e through 
h). In digit II, phalanges 1 and 2 displayed ossi-
fied epiphyses. Both epiphyses of phalanx 1 were 
partially ankylosed by 11 y, and fully ankylosed 
at 13 y of age. The proximal and distal epiphyses 
of phalanx 2 were partially ankylosed at 13 y, and 
fully ankylosed at 14 y of age. The first phalanx 
of digit III began ossifying at 14 y of age, and 
complete ankylosis was not observed (Figure 4f 
through h).
Discussion
The Unique Carpus of the Vaquita
Compared to its sister taxon, the Burmeister’s por-
poise and species of more distantly related por-
poises (P. dioptrica, P. phocoena, Phocoenoides 
dalli, and N. phocoenoides) (Fajardo-Mellor et al., 
2006; Lambert, 2008), the vaquita has a similar 
carpal arrangement, with the proximal row con-
sisting of three ossified elements (i.e., scaphoid, 
lunate, and cuneiform) (Figures 3 & 5). However, 
the vaquita differs from these taxa in distal carpal 
row element number and shape. Vaquitas are auta-
pomorphic among porpoises by typically possess-
ing only three, and in more rare cases four, ossi-
fied carpal elements, while all other phocoenids 
possess five elements (divided into two rows with 
three proximal and two distal elements). Vaquitas 
are unique in that they typically lack cartilaginous 
Figure 4. Schematic of ankylosis in the epiphyses of the 
vaquita flipper and associated ages in years for males and 
females; shading of the epiphyses indicates Stage 0, epiphy-
ses unossified, not outlined; Stage 1, no ankylosis, dashed 
line; Stage 2, initial ankylosis, light gray; Stage 3, progress-
ing ankylosis, dark gray; and Stage 4, complete ankylosis, 
black (modified from Galatius et al., 2006). Not to scale.
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anlagen for carpal elements in the distal row. 
Therefore, elements of the proximal row articu-
late with the proximal epiphyses of the metacar-
pals (Figures 2 & 3e). This unusual articulation 
resembles the juvenile morphology of other pho-
coenid taxa.
Besides ossifying a greater number of differ-
ently shaped carpals, the harbor porpoise also dis-
plays a different ossification pattern of the carpal 
elements. Carpal ossification proceeds in a cra-
nial-to-caudal direction, beginning with the proxi-
mal (scaphoid and lunate) and distal (unciform) 
rows (Figure 3) (Dawson, 2003). The trapezoid 
then ossifies. Finally, the cuneiform is the last 
carpal to ossify (Figure 2a), and it may be absent 
in some adults (Dawson, 2003). Contrary to this 
pattern of carpal ossification, radiographs of the 
vaquita carpus (Ortega-Ortiz et al., 2000) showed 
that ossification proceeded in a caudal-to-cranial 
direction with the cuneiform and lunate beginning 
ossification before the scaphoid (Figure 3). 
Juvenile specimens of the Burmeister’s por-
poise (USNM 550241) and harbor porpoise 
(Dawson, 2003; Gol’din, 2004) display rounded 
carpal elements that are almost identical in mor-
phology to those seen in adult vaquitas (Figure 
3). All adult non-vaquita phocoenids displayed 
angular articular facets along the carpal element 
margins (Figure 3d & f). Compared to other pho-
coenids, the vaquita is therefore autapomorphic in 
its retention of rounded rather than angular carpals 
as an adult. Furthermore, because rounded car-
pals are displayed in only immature non-vaquita 
phocoenids, the rounded carpals of the adult 
vaquita are considered an example of a paedomor-
phic morphology in the manus of this taxon. 
Metacarpal and Phalangeal Patterns of Ossification
Small-bodied delphinid cetaceans usually display 
rectangular-shaped metacarpal diaphyses of all 
but the distal-most phalanges (Calzada & Aguilar, 
1996; DiGiancamillo et al., 1998), while no epi-
physes are found in the large-bodied orca (Figure 
1c). The adult harbor porpoise retains several 
rounded and delta-shaped phalanges as a result 
of delayed perichondral ossification relative to 
delphinid cetaceans (Dawson, 2003). Compared 
to the harbor porpoise (Dawson, 2003), adult 
vaquitas have more ovoid elements. Adult vaqui-
tas displayed ovoid phalanges in digits I and V as 
well as in the distal phalanges of digits II through 
IV (Figure 2). Therefore, both the harbor porpoise 
and vaquita display a paedomorphic phalangeal 
shape relative to delphinid cetaceans (Figures 1 
& 2). 
Regarding epiphyseal ossification, studies have 
shown that harbor porpoise ossification patterns 
are paedomorphic relative to that of delphinid 
cetaceans in that dolphins ossify a greater number 
of phalangeal epiphyses (Figure 1a & b) (Dawson, 
2003; Gol’din, 2004; Galatius et al., 2006). The 
striped dolphin ossifies proximal and distal pha-
langeal epiphyses of all but the distal-most pha-
langes, while the harbor porpoise lacks epiphyseal 
ossification in the phalanges of digits I and V, and 
along the distal phalanges of digits II through IV 
(Figure 1) (Galatius et al., 2006). However, no 
ossified epiphyses were documented in Orcinus 
(Figure 1c). Contrary to both the small-bodied 
delphinid and harbor porpoise epiphyseal mor-
phologies, the vaquita had fewer ossified epiphy-
ses. The greatest numbers of ossified epiphyses 
were observed in adult female vaquitas (Figure 
4g & h). In this study, only females displayed 
ossification along the epiphyses of metacarpals II 
through IV, the first two phalanges of digit II, and 
the first phalanx of digit III. Moreover, compared 
to other porpoise taxa (see Figure 5; P. dioptrica 
and P. dalli), female vaquitas also display fewer 
ossified epiphyses. Taken together, it appears 
that even the advanced degree of ossification dis-
played in the female vaquita manus is paedomor-
phic relative to non-Orcinus delphinid cetaceans 
and at least three phocoenid taxa (Figures 1 & 5; 
P. phocoena, P. dioptrica, and P. dalli).
Patterns of Sexual Dimorphism
Sexual dimorphism was found in the numbers 
of ossified metacarpal and phalangeal epiphyses 
between male and female vaquitas (Figure 4). 
Radiographs of known age males showed fewer 
Figure 5. Manus ossification in porpoises: (a) spectacled 
porpoise (RNP 1245) and (b) Dall’s porpoise (LACM 
43473). Dashed lines indicate ossified epiphyses.  Scale bar 
is 5 cm.
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numbers of ossified epiphyses and decreased 
levels of ankylosis compared to females of equiva-
lent ages. Whereas females had ossified epiphyses 
of three metacarpals, several phalanges of digit II, 
and the first phalanx of digit III, males had ossi-
fied only epiphyses of two metacarpals and the 
first phalanx of digit II. Moreover, compared to 
females, male vaquitas were slower to completely 
ossify these epiphyses. Therefore, female vaqui-
tas both ossified their elements more quickly 
and completely relative to males, and all males 
observed in this study retained a juvenile state 
of manus ossification relative to female vaquitas, 
indicating the presence of sexually dimorphic 
paedomorphosis in males. 
Sexual dimorphism among phocoenids is not 
unique; female harbor porpoises exhibit a more 
rapid growth rate of certain body parts (McLellan 
et al., 2002) as well as a prolonged period of body 
growth and greater body sizes compared to their 
male counterparts (Galatius et al., 2006). Female 
harbor porpoises exhibit faster growth rates of 
the heart and organs that assist in the digestion, 
absorption, and transport of lipid-rich prey (e.g., 
liver, mesenteric lymph node, and intestines; 
McLellan et al., 2002). Alternatively, in male 
harbor porpoises, the locomotor musculature and 
pelvic bones grow more quickly relative to females 
and are related to the need for intensive swimming 
associated with gaining reproductive access to 
females. The accelerated growth rates of viscera in 
female harbor porpoises assists in early reproduc-
tion and development of relatively large offspring 
as the larger and more mature viscera will sup-
port higher rates of prey consumption (McLellan 
et al., 2002). This is essential for females as they 
do not rely on blubber for energy during lactation 
(Koopman, 1998). McLellan et al. (2002) attrib-
uted the increased growth rate and resultant larger 
heart of female harbor porpoises to the necessity 
of increased blood volume associated with preg-
nancy. Variation in both the soft tissue organs 
that experience allometric growth as well as the 
duration of total body growth has created sexual 
dimorphism in harbor porpoises. These changes 
are associated with a decrease in the time to sexual 
maturity and increased reproductive fitness (e.g., 
increasing available metabolic energy and allow-
ing for increased blood volume). 
Although male harbor porpoises display a 
shorter period of body growth and reach sexual 
maturity sooner, their digit morphologies remain 
paedomorphic relative to their female cohorts. 
Female harbor porpoises continue limb develop-
ment after the age of 6 y, while males experienced 
a relative cessation in limb skeletal development 
rather than an accelerated maturation (Galatius 
et al., 2006). 
The pattern of dimorphism documented in the 
vaquita is similar to that of the harbor porpoise in 
that males display fewer ossified and ankylosed 
metacarpal and phalangeal epiphyses compared to 
females (Figures 2 & 4). However, we are unable 
to resolve whether males display a faster growth 
rate prior to 9 y of age because our sample size 
is skewed with the manus morphology known for 
males only between the ages of 9 and 16 y. 
Conclusion
This study examined morphological patterns and 
ossification rates of a rare porpoise, the vaquita, 
based on osteological and radiographical images 
of specimens. Compared to other porpoise taxa, 
the vaquita has fewer ossified carpal elements, 
and these elements display a paedomorphic mor-
phology in that they are rounded rather than angu-
lar. Furthermore, relative to delphinid cetaceans 
(except O. orca), both the vaquita and the harbor 
porpoise display a greater number of rounded pha-
langeal diaphyses, indicating paedomorphosis. 
Lastly, compared to some porpoise taxa, vaquitas 
had fewer ossified phalangeal epiphyses. Taken 
together, these data indicate that the vaquita is 
a unique cetacean in that it displays four paedo-
morphic morphologies when compared to closely 
related taxa: (1) fewer numbers of ossified carpal 
elements; (2) rounded, rather than angular, carpal 
elements; (3) a greater number of distal phalan-
ges that are ovoid in shape; and (4) fewer ossified 
metacarpal and phalangeal diaphyses. 
Heterochronic delays in skeletal development 
within the forelimbs of cetaceans appear to be a 
common trait. Several non-delphinid cetaceans 
display poorly ossified carpal elements and meta-
carpal and phalangeal epiphyses, and within the 
Delphinidae, only the large-bodied, O. orca dis-
plays a paedomorphic manus shape in its lack of 
ossified carpal elements and metacarpophalangeal 
epiphyses (Figure 1c). Most porpoises, compared 
to delphinids, display paedomorphic manus mor-
phologies, but the vaquita is autapomorphic in 
its degree of paedomorphic morphologies. These 
data offer some insight into the skeletal develop-
ment of the vaquita; however, little is known of 
forelimb development prior to 9 y of age. That 
male vaquitas experience a faster skeletal growth 
rate is certainly suggested by our dataset, but this 
requires further investigation.
A larger question is what altered developmental 
pathways led to these paedomorphic manus mor-
phologies. Within the vaquita, the manus, diaphy-
seal, and epiphyseal ossification is halted very early 
in development, suggesting changes to the Sox9 
pathway responsible for endochondral ossification 
(Cohn & Bright, 1999). Since hyperphalangy is 
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well-documented in the digits of porpoises, this sug-
gests that proximal-distal limb growth is not altered, 
and mesenchymal precursors of digital elements are 
deposited as in other cetaceans (see Cooper et al., 
2007a). Differentiation from mesenchymal con-
densations to cartilaginous anlagen also appears 
to be consistent with other cetaceans. However, 
endochondral ossification is delayed or absent both 
within the diaphyses of the digits as well as epiphy-
seal ossification and fusion to the diaphyses. 
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Appendix. Radiographs and osteological specimens examined at the Instituto Tecnológico y de Estudios Superiores de 
Monterey, Guaymas, Mexico (ITESM), the Smithsonian Institution (USNM), the San Diego Natural History Museum 
(SDNHM), the Los Angeles County Museum (LACM), and the R. Natalie P. Goodall Foundation at the Museo Acatushún, 
Tierra del Fuego, Argentina (RNP); figured specimens are indicated with an (*).
Taxon Institution number Data type Age Sex Body length (cm)
Vaquita porpoise (n = 18)
Phocoena sinus ITESM 860517-01-9 radiographic N/A N/A 110.0
Phocoena sinus ITESM 900227 radiographic N/A female 109.3
Phocoena sinus ITESM 910304 radiographic 2 female 128.7
Phocoena sinus ITESM 850313-02-27 radiographic 11 female 135.0
Phocoena sinus* ITESM 910313-1 radiographic 13 female 139.7
Phocoena sinus ITESM 850313-01-26 radiographic 14 female 135.0
Phocoena sinus ITESM 900408 radiographic 16 female 135.0
Phocoena sinus ITESM 850314-01-03 radiographic N/A male 106.9
Phocoena sinus ITESM 910312-1 radiographic N/A male 109.1
Phocoena sinus ITESM 900526 radiographic N/A male 113.7
Phocoena sinus ITESM 910207 radiographic N/A male 116.0
Phocoena sinus ITESM 910521 radiographic N/A male 125.3
Phocoena sinus ITESM 900519 radiographic N/A male 127.0
Phocoena sinus* ITESM 900421 radiographic 9 male 142.2
Phocoena sinus ITESM 910313-3 radiographic 13 male 144.0
Phocoena sinus ITESM 900412 radiographic 14 male 131.8
Phocoena sinus ITESM 850313-04-24 radiographic 16 male 134.5
Phocoena sinus ITESM 910226 radiographic 16 male 128.3
Burmeister’s porpoise (n = 4)
Phocoena spinipinnis* USNM 395752 osteological -- -- --
Phocoena spinipinnis USNM 395751 osteological -- -- --
Phocoena spinipinnis USNM 395380 osteological N/A N/A N/A
Phocoena spinipinnis* USNM 550241 radiographic -- -- --
Harbor porpoise (n = 1)
Phocoena phocoena USNM 550312 radiographic -- female 158.0
Dall’s porpoise (n = 3)
Phocoenoides dalli SDNHM 20270 osteological -- male --
Phocoenoides dalli USNM 504417 radio & osteo -- male --
Phocoenoides dalli* LACM 43473 osteological N/A N/A N/A
Spectacled porpoise (n = 2)
Phocoena dioptrica RNP 0658 osteological 6 female 203.5
Phocoena dioptrica* RNP 1245 osteological 8 N/A N/A
Finless porpoise (n = 2)
Neophocaena phocaenoides USNM 240001 osteological N/A female N/A
Neophocaena phocaenoides USNM 240002 osteological N/A male N/A
